ABSTRACT: The surface energy of graphene nanosheets is surprisingly poorly known, probably due to size effects and energetic heterogeneities. Here we use finite-dilution inverse gas chromatography to measure the surface energy of liquid-exfoliated, few-layer graphene nanosheets of different sizes as a function of probe coverage. In all cases, the surface energy falls with probe coverage from a defect-controlled, low-coverage value to a value that approaches the basal plane surface energy at high coverage. We find an intrinsic basal plane dispersive surface energy of 61±4 mJ/m 2 , close to the value of 63 mJ/m 2 found for graphite.
INTRODUCTION
Graphene is one of the most exciting materials currently under active investigation. Due to its combination of unprecedented intrinsic properties and unrivalled applications potential, graphene research has made a significant impact in the fields of physics, chemistry, materials science and biology.(1) One of the most exciting things about graphene monolayers is that they are all surface. Even few-layer graphene nanosheets have relatively high surface to volume ratios. This makes graphene's ability to participate in surface and interfacial interactions a topic of great practical interest.
The simplest types of interaction to occur at graphitic surfaces are van der Waals interactions (dispersive interactions as well as specific interactions such as dipole-induced dipole etc). (2) 2 Such interactions can occur between graphene and neighbouring molecules (3, 4) or between adjacent graphene sheets for example. (5) The simplest way to describe such interactions us to express molecule-graphene or graphene-graphene binding energies in terms of the surface energy of graphene. Because of the non-polar nature of graphitic surfaces, the surface energy of graphene is expected to be dominated by the dispersive component. This is supported by the fact that even for polar 2-dimensional materials such as Ni(OH)2, the contribution of specific interactions to the surface energy is quite small relative to the dispersive component. (6) This allows one to focus on the dispersive surface energy which can be expressed as an intrinsic property via the Fowkes relation (7) but also contain defects which can have an impact on the surface energy. The effects of such defects can be magnified depending on how the surface energy is measured. For example, in infinite dilution inverse gas chromatography (see below), very small quantities of probe molecules are used to measure the surface energy. If defects bind the probe molecules more strongly than graphitic carbon atoms do, then the outputted surface energy will be dominated by the effects of defects. (14, 19) Conversely, contact angle measurements (14) probe the whole surface and as such give a weighted average of the contributions of defects and graphitic carbons, rather than an intrinsic surface energy associated with the basal plane. We would 3 expect defects to come in a number of types including basal plane defects and edge defects. (9, 14) Because the edge population depends on nanosheet size,(9) one would expect the defect contribution and so the surface energy as a whole to be strongly nanosheet-size-dependent.
Thus, the spread in measured surface energies is hardly surprising. What is required is a method to differentiate the effects of edge and basal plane defects from the basal plane surface energy.
Such a method would allow us to isolate intrinsic from extrinsic effects and gain a clearer insight into surface and interfacial interactions in graphene.
Recently, we reported such a method which we applied to the surface energy of graphite. (9) This method involves using finite-dilution inverse gas chromatography (FD-IGC) to measure the surface energy as a function of probe coverage. This allows us to separate the effects of defects from those of basal plane graphitic carbons. Then, by comparing measurements on samples of different sizes, one can separate the effects of edge and basal plane defects. Here, we apply this technique to liquid exfoliated graphene. Our results demonstrate that few-layer graphene shows surface energy parameters which are identical to graphite with the individual results differentiated only by nanosheet dimensions.
INVERSE GAS CHROMATOGRAPHY THEORY
IGC is surface characterisation technique used in a number of fields including pharmacy, (20) polymer chemistry(21) and mining. (22) Whilst techniques such as contact angle require a smooth flat surface to measure surface energy, IGC holds the advantage in that it can be used on particulates, flakes, powders or films. Although IGC is usually used for measuring surface energy of solids, (23) it also has other applications such as measuring surface area,(24) solubility parameters (25) and glass transition temperatures in polymers. (26) In IGC, known probe solvents such as n-alkanes are injected into a column packed with the sample to be examined. The amount of solvent transmitted through the column is then recorded as a function of time in the form of a chromatogram with the adsorption-desorption behaviour of the probe on the solid surface inferred from the retention time, r t . This is the time taken for the probe to elute through the column and can be used to calculate the net retention volume, N V which is a fundamental thermodynamic property of solid-vapour interactions, using the equation:
Here j is the James-Martin correction factor, (27) m is mass of sample in the column, F is the carrier gas flow rate, 0 t is the dead time (time taken for non-interacting probe to elute through the column) and T is the column temperature. Once N V has been measured, it can be used to calculate a range of parameters, most commonly the surface energy.
For a van der Waals bonded material, the surface energy,  , is the sum of the dispersive surface versus the carbon number, n of the alkane probe using:
where T is the column temperature and N V is the net retention volume calculated by equation 1. The advantage of the SEA is that it can accurately control the coverage of probe molecules on the surface. This is achieved by the controlling probe injection time which relates to the surface coverage. One must consider both the actual and targeted surface coverage, where the target is related to the ideal injection time (based on the specific surface area of the sample) and the actual is associated with the measured injected quantity. In the experiments carried out here, the difference between target and actual surface coverage is no more than 10%. This allows the SEA to measure so-called surface energy profiles, i.e. the surface energy as a function of probe coverage. This is termed finite-dilution IGC (FD-IGC), (33) and is important because it facilitates the characterisation of not just high energy sites but also sites with lower probesurface binding energy. Such sites become important only as the probe coverage is increased.
Thus, a typical surface energy profile shows a high surface energy value at low coverage due to the presence of high energy sites. However, at the coverage increases, the surface energy drops off, as the probe molecules begin to access the low energy sites.
In practise, the retention volume is measured for a set of alkane probes at a given coverage and the surface energy calculated using equation 5. This procedure is repeated at a range of coverages to produce a surface energy profile. In all cases, the specific surface area () BET S of a sample must be known to accurately relate injection volumes to surface coverage.
The specific surface area measurement is described in the supplemental information. While the Dorris-Gray method was initially developed for infinite dilution systems (34) , it has become standard practise to extend the Dorris-Gray method to finite dilution systems like the ones in 6 this work. (22, (35) (36) (37) However, it must be noted that at higher coverages, the assumptions underpinning the Dorris-Gray method may not hold and so high-coverage results must be treated with caution.
RESULTS AND DISCUSSION

Basic characterisation
We produced graphene nanosheet dispersions by liquid phase exfoliation (8) For the IGC measurement, the solvent was removed by vacuum filtration to give a reaggregated powder. This powder was first analysed using Raman spectroscopy. Example spectra are shown in figure 1D for the largest and smallest fraction with each displaying the characteristic D, G and 2D bands. (41) The 2D band is particularly interesting as it is very sensitive to the nanosheet thickness. Previously, we proposed a quantitative metric (labelled M2 in Backes et al. (40) ) which allows the mean nanosheet thickness in the dispersion to be extracted from the shape of the 2D band. We have applied this metric, finding mean nanosheet thicknesses ranging from 6.6±1 monolayers for the XS sample to 10±2 layers for the XXL sample. We note that as the nanosheet thickness increased from sample XS to XXL, the 2D band shape shifted closer and closer to that of the starting graphite (see SI). However, it never reached the graphitic lineshape showing that even the thickest nanosheet sample retained graphene-like properties. We have plotted the mean nanosheet thickness versus the mean length (extracted from TEM) in figure 1E . This graph clearly shows the nanosheet length to vary much 7 more significantly over the fractions than the thickness. This makes these samples well suited to studying the effects of length on the nanosheet surface energy.
The Raman D-band (~1360 cm -1 ) is known to scale with the defect content. (40, 42, 43) For graphene nanosheets, it has been shown that the ratio of D-band to G-band (~1580 cm -1 )
intensities, ID/IG, scales linearly with 1/L due to the presence of nanosheet edges which act as defects. (40) This can be expressed as
where ( / )
II is the contribution to ID/IG from basal plane defects and  is a parameter which depends on the Raman scattering process, properties of the graphene itself and the nanosheet shape distribution. (40) This behaviour is shown in figure 1F for the nanosheets prepared here with the datum close to 1/L=0 representing the unexfoliated graphite. This graph suggests the basal plane defect content of the graphene to be similar to that of the graphite and shows the length-dependence of the defect content to be due to changes in the edge population.
In order to facilitate the surface energy measurements and to learn more about the state of the material, we measured the specific surface area of these reaggregated powders (see methods and SI). Shown in figure 1G is a graph of the specific surface area as a function of mean nanosheet length. This graph clearly shows a significant length-dependence with values ranging from ~65 to ~40 m 2 /g. Though these value appear low, this is almost certainly due to aggregation effects during drying (see below). We can model this by noting that the nanosheets in the reaggregated powder have two contributions to their surface area -the basal plane and the edge -such that:
where A is the basal plane area, P is the nanosheet perimeter length and t is the nanosheet thickness. As shown in our recent work,(9) the ratio of perimeter length to nanosheet area can be approximated in terms of L and the nanosheet length/width aspect ratio, k:
. In addition, we note that reaggregation effects will mean that the nanosheets in the reaggregated sample may be significantly thicker than those in the dispersion.
(We note that, as shown by their Raman response,(40) these aggregated nanosheets generally consist of randomly stacked arrays of few-layer nanosheets, rather than Bernal-stacked monoliths, and so should not be considered to be graphite.) This allows us to write the 
where K is the stretching (when 0<K<1) or compression (K>1) exponent. We have fitted all coverage-dependent surface energy data to equation 8b, extracting ,1 However, for graphite the magnitude of the decay was much larger: as 0 increased, ,0
smoothly from ~175 to ~120 mJ/m 2 in the range 0.04<0<0.24. The reasons for these differences will be discussed below.
In line with previous work on the surface energy of graphite by Otyepka et al (19, 52) as well a recent paper from our group,(9) we believe the high-energy sites probed at lowcoverage are associated with defects in the graphene lattice. These can either be associated with the flake edges or basal plane defects such as point defects (e.g. Stone-Wales defects, vacancies or double vacancies (52) measured for graphite is ~130 mJ/m 2 , considerably smaller than the large-flake limit, we suggest the edge defect binding sites to be energetically shallower than basal plane defect sites (although deeper than the regular basal plane sites which tends to contribute ~60 mJ/m 2 to the surface energy). We believe this interpretation also applies to the graphene data presented here.
However, care must be taken here as calculations have suggested that, for acetone adsorption, edge defects have a higher binding energy that basal plane defects,(52) the opposite to that suggested by our results for alkanes. This highlights the fact that the details of absorption energetics might vary considerably, especially for polar molecules.
The decay constant, 0, is a measure of the coverage required to fill most of the high energy sites such that the probe molecules start to interact with the low energy sites. This implies that 0 is proportional to the fraction of defect sites. This hypothesis is easily tested by plotting 0 versus ID/IG, which is known to scaling with the defect density in graphene. (40, 43) This data is shown in figure 3C and shows the expected linear scaling. This means that we would expect to see a reduction in 0 as the graphene nanosheet size is increased and so the 13 population of edge defects decreases. (9) This is exactly what is observed ( figure 3D ), indicating that the graphene surface energy data is qualitatively in line with previous measurements on graphite.
Quantitative analysis and comparison to graphite
After considerable preliminary analysis, we realised that the most revealing way to quantitatively analyse the graphene data was alongside the graphite data from our previous work.  versus 0 data, a more quantitative approach is necessary. In our study of graphite we showed that 0  could be quantitatively modelled as proportional to the fraction of graphene surface area occupied by probe molecules when all defects have been saturated with probe molecules. We must consider a combination of both edge and basal plane defects. We assume that there are , / DB NA defects per unit area of basal plane and that around each defect is an area HE A which acts as a high energy region for the absorption of probe molecules. We note that this area might be significantly larger than the actual defect size and represents the area where the carbon atoms have deviated from their defect-free positions. In addition, the whole of the edge region of a flake also behaves as an array of high energy sites for probe molecules. Then, by treating the flake as a platelet of area, A, perimeter length, P, and thickness, t, we can write:
where  is a proportionality constant linking 0 to the fraction of surface area associated with defects.(9) Again, using
, this equation becomes:
In addition, by combining empirical observations from computational studies with physical arguments we showed(9) a semi-empirical relationship between ,0 d    and platelet dimensions:
 represent the mean surface energy contributions of edge defects and basal plane respectively.
Both of these equations require independent knowledge of t and L and so are limited by the quality of dimensional measurements available. However, this reliance on L and t can be avoided by combining these equations to eliminate t/L:
We note that these expressions allow us to extract four material parameters from the data: , A N A has not changed measurably going from graphite to graphene. We note that this is as expected because here the graphene was produced by shear exfoliation which is a low-energy process and should not introduce defects. We can now individually analyse the data for 0 and ,0 d    as a function of t/L. For the graphene data, L was extracted from TEM as described above while t was found using
. This value is appropriate as it represents the effective aggregated nanosheet thickness in the measured powder and so is most relevant when considering the area available to adsorbing molecules. Shown in figure 4B are data for0 as a function of t/L plotted for both graphene and graphite (the thickness values for the graphite were extracted from the surface area data presented in ref (9)). We have fit the entire data set (graphene and graphite) to equation 9b, 
HE D B
A N A =(7.3±2.8)×10 -3 .
We can also fit the ,0 figure 4C quantitatively using equation 10.
Although this data is more scattered, probably due to errors associated with measuring t and L, we find a reasonable fit to both data sets with ,0 ( 0) 
Because all the square-bracketed parameters have been measured in this work, one can parameterise the data in accordance with equation 12 and plot a graph which gives linear behaviour. As shown in figure 4D we fit both data sets keeping 
However, we note that the sample containing the thinnest nanosheets had a mean layer number of N=6. 
CONCLUSION
In conclusion we have measured the dispersive surface energy of liquid exfoliated graphene as a function of probe coverage for six different nanosheet sizes. By fitting the surface energy versus coverage curves, we can extract the surface energy associated with the basal plane as well as the defect contribution to the surface energy and information about the defect content. We have analysed all graphene surface energy data alongside previously published graphite data. By analysing the size dependence of the surface energy, we can differentiate between the contribution to the surface energy of edge and basal pane defects as well as estimating the basal plane defect density. We find that all data is consistent, with graphene and graphite platelets displaying the same surface energy behaviour, differentiated only by platelet dimensions.
EXPERIMENTAL METHODS
Timcal graphite was used as the starting graphite for exfoliation with N-Methyl-2-Pyrrolidone (NMP) (reagent plus 99%, Sigma Aldrich) being used as the solvent. Graphene was produced by shear exfoliation(38) of graphite using a L5M high shear laboratory mixer (32mm rotor diameter) from Silverson Machines Ltd, UK.
The procedure for the production of size selected liquid exfoliated graphene was as follows:
275g of graphite was mixed with 2.5L of newly opened NMP and this was shear mixed for 4 hours at 8000rpm. This was let to settle overnight (approximately 14 hours). After settling, the supernatant was removed and discarded, with fresh NMP (2.5L) being added and the shear process being repeated. This is called sediment recycling and has been shown to increase graphene yield. (8, 38, 55) The final shear exfoliation step was the same as above (8000rpm for 4 hours and settle overnight). Here, the supernatant was collected and put into 2 batches of 16, 50mL vials and were centrifuged at 300rpm for 2 hours using a Thermo Scientific Heraeus
Megafuge. The supernatant from these were extracted and mixed together to get a stock solution. Part of the sediment from this was kept as the first size selected sample, called XXL. A small portion of each dispersion was kept for TEM analysis and Raman spectroscopy with the rest being vacuum filtered to make films using 0.45μm pore size (47mm diameter) nylon membranes (Whatman) for samples containing large nanosheets. For the small nanosheet samples, 0.02 μm (47mm diameter) alumina membranes (Whatman) were used to make sure all nanosheets were being collected during the filtration. Also, for the samples prepared at higher rpm, there was not enough material to make free standing films (using the 47mm diameter membranes). Therefore, after the initial filtration, it was re-dispersed in a small volume (approx 30mL) of fresh NMP by bath sonication for 15 minutes. This was then filtered using a 0.02 μm, 13 mm pore diameter alumina membrane (whatman) to produce films thick enough to be free standing. All films were dried in vacuum oven at 100 o C for 2 days.
Low-resolution bright field transmission electron microscopy (TEM) imaging was preformed using a JEOL 2100, operated at 200kV. Holey carbon grids (400mesh) were purchased from Agar Scientific and prepared by diluting a dispersion to a low concentration and drop casting onto a grid placed on a filter membrane to wick away excess solvent. Statistical analysis was performed to find the nanosheet dimensions by measuring the longest axis of the nanosheet and assigning it as "length", L, with the width, w=L/k, defined as the dimension perpendicular to L. SEM images were obtained using a ZEISS Ultra Plus (Carl Zeiss Group), 2 kV accelerating voltage, 30 μm aperture, and a working distance of approximately 1-2 mm. The samples were loaded onto the SEM stub using sticky carbon tape.
Samples were prepared for Raman spectroscopy by vacuum filtering a small quantity (2-5mL) of dispersion onto 0.02 μm, 13 mm pore diameter alumina membranes (whatman) to make films and these were dried in the same manner discussed above. Raman spectroscopy was performed on the graphene samples using a Horiba Jobin Yvon LabRAM HR800 with 532 nm excitation laser in air under ambient conditions. The Raman emission was collected by 100× 
